Glutamate decarboxylase (GAD) activity was determined in caudoputamen (CP), substantia nigra (SN), and cerebral cortex (CCX) after 19-22 h of recirculation following 10 min of transient ischemia in hyperglycemic rats, i.e., under the conditions when previously a pro nounced nerve cell damage was demonstrated in both CP and SN. The present results demonstrate a decrease of GAD activity in SN by 30% and in CP by 22% and no change in CCX. No statistically significant change in GAD activity could be detected in SN, CP, or CCX 1,4, 
It is well established that preischemic hypergly cemia worsens the brain damage and the clinical outcome following ischemia, as compared to isch emia of corresponding duration and density under normoglycemic conditions (Myers and Yamaguchi, 1977; Siemkowicz and Hansen, 1978; Myers, 1979; Rehncrona et al., 1981; Pulsinelli et al., 1982a; Smith et al., 1988) . In hyperglycemic rats even a short period of transient ischemia has been shown to lead to generalized seizures occurring within 18-26 h of recirculation, ending in the death of the an imal (Warner et al., 1987; Smith et al., 1988) . The and 7 days following 10 min of ischemia in normoglyce mic animals. The decrease of GAD activity in SN at the time preceding the onset of postischemic seizures sug gests that there may be an imbalance between augmented excitatory and decreased inhibitory transmission in SN. We tentatively conclude that this may increase the prob ability of generalized seizures in the postischemic period following ischemia in hyperglycemic animals. Key Words: Caudoputamen-Cerebral ischemia-Glutamate decar boxylase-Hyperglycemia-Substantia nigra. mechanism underlying the development of this postischemic seizure activity is not known.
Brain damage following transient ischemia in nor moglycemic animals is confined mostly to the so called selectively vulnerable regions comprising hippocampus, neocortex, caudoputamen (CP), and some other structures (e.g., Pulsinelli et al., 1982b; Smith et al. , 1984) . In hyperglycemic rats, in addi tion, an extensive lesion has been demonstrated in the pars reticulata of the substantia nigra (SN) (Smith et al., 1987 (Smith et al., , 1988 .
The structural pattern of this lesion has recently been well characterized by both light and electron microscopy (Inamura et al., 1987; Smith et al., 1988) . Its occurrence could be detected already in the early period of recirculation, indicating that it precedes by many hours the onset of postischemic seizure activity. The findings of these studies and the results concerning changes of energy metabo lites in SN under these conditions (Inamura et al., 1988) suggest that both excitotoxic damage and marked lactic acidosis may be responsible for the pathogenesis of this lesion.
The SN has been identified as a critical brain site that plays a major role in the regulation of seizure propagation (Gale, 1985 (Gale, , 1986 . It has been sug gested that nigral efferents that are permissive or facilitative to seizure propagation are subject to in hibition by ",-aminobutyrate (GABA) and opiates, while the excitatory drive may be exerted by sub stance P and excitatory amino acids (Gale, 1986; Turski et aI., 1986) . The SN of several mammalian species contains high levels of GABA and its syn thesizing enzyme, glutamic acid decarboxylase (GAD) (Fahn and Cote, 1968; Chalmers et aI. , 1970; Okada et aI., 1971; Tappaz et aI., 1976) . The main part of the GAD and GABA within SN has been found to be associated with GABA-ergic afferent nerve terminals (Kataoka et aI., 1974; Ribak et aI., 1976 ) that arise from cell bodies located in the cau date nucleus (Kim et aI., 1971; Fonnum et aI. , 1974; Bunney and Aghajanian, 1976; DiChiara et aI., 1980) . The ability of GAB A-elevating agents to pro tect against seizures was directly correlated with increased GAB A levels, specifically in the nerve terminal compartment of SN (Gale, 1986) .
Since transient ischemia in hyperglycemic rats is accompanied by early and severe nerve cell damage both in CP (especially of the small-and medium sized neurons, many of which are supposed to be GABA-ergic) and in SN, we wondered whether the GABA-synthesizing capacity in these regions was impaired under these conditions and thus contrib uted to the increased susceptibility to generalized postischemic seizures. Accordingly, the objective of the present study was to determine the activity of GAD (EC 4.1. 1.15) in SN and CP in hyperglycemic rats subjected to transient ischemia induced by bi lateral carotid artery occlusion in combination with arterial hypotension.
MATERIALS AND METHODS
Operative techniques and induction of ischemia were as described previously (Warner et aI., 1987) . In sum mary, male Wistar S.P.F. rats were fasted overnight and anesthetized with 3% halothane in 25% O2 with balance N20. The animals were intubated and connected to a res pirator, and the halothane concentration was lowered to 0.7%. The tail artery was cannulated, and a central ve nous catheter was inserted via the right jugular vein. The common carotid arteries were isolated and prepared for transient occlusion, and needle electrodes were inserted bilaterally in the temporalis muscle for EEG recording.
Following the surgical preparation, the halothane was discontinued and suxamethonium chloride was given in travenously as muscle relaxant. To manipulate the plasma glucose levels, intravenous infusions of either 25% glucose (hyperglycemic animals, plasma glucose 20-25 f,Lmol ml-I) or Krebs solution (normoglycemic ani mals) were conducted over a 30-min period before the J Cereb Blood Flow Metab, Vol. 9, No.6. 1989 induction of ischemia. During that period heparin (50 IU) was given and blood gases were measured. By adjustment of the ventilation and inspired O2 content, Pc02 was set at 35-40 mm Hg and P02 at 90-110 mm Hg. Rectal temper ature was kept close to 37°C.
Ischemia was induced by an intravenous bolus dose of 2.5 mg trimethaphan camphor sulfonate (Arfonad) to re duce arterial pressure; simultaneously, both carotid arter ies were clamped, and central venous blood was with drawn to an arterial pressure of 50 mm Hg. A flat EEG was confirmed throughout the lO-min period of ischemia. Recirculation was instituted by removal of the carotid clamps and reinfusion of blood. EEG, blood pressure, body temperature, and blood gases were monitored dur ing the early recovery period. When the animals (after 30-45 min) regained consciousness and spontaneous res piration, they were extubated and housed in cages. Sham operated controls were treated identically, with the ex ception that they did not undergo the ischemic insult.
Following 1 day of recovery (19-23 h), all animals were reanesthetized and the brains were frozen in situ (Ponten et aI., 1973) . The brains were chiseled out and SN, CP, and cerebral cortex (CCX) were dissected out in a glove box at a temperature of approximately -9°C. No mea surable change of enzyme activity was observed when temperature was increased from -20° to 9°C; thus, the latter temperature was used, since it made the dissection of the structures much easier. Dissected bilateral samples from each structure were pooled from the two hemi spheres and stored frozen at -80°C for 1-3 days before analysis. On the day of the assay, the samples were ho mogenized in 0.033 M sucrose (1.5-2% wt/vol) at 4°C for 1 min in glass homogenizers fitted with Teflon pestles. After homogenization, Triton X-100 was added to obtain a 0.5% concentration. After standing for 10 min at 0-4°C, 200-f,LI aliquots (in duplicates) were used for GAD activity assay. GAD activity was determined by trapping and counting 14C02 liberated from L-[1-14C] glutamic acid, by a slight modification of the method used by Francis and Pulsinelli (1982) . The reaction was started by adding 100 f,LI of concentrated complete incubation mixture to 200 f,LI of homogenate in conical tubes. The tubes were quickly closed with rubber stoppers, equipped with hanging wells containing folded Whatman no. 1 filter paper (6 x 1.6 cm), which shortly before the start of the reaction had been impregnated with TS-l. The complete incubation mixture was prepared fresh on the day of assay from a prefrozen concentrated stock mixture, containing sodium phosphate, pH 6.7, pyridoxal-5-phosphate, KCI, and di thiothreitol, from prefrozen L-glutamic acid that had been standardized by means of an enzymatic spectrophotomet ric method (Lowry and Passonneau, 1972) and from L-[1-14C]glutamic acid (specific activity 59 mCilmmol; Radiochemical Centre, Amersham, England). The con centrations of individual components were calculated so that addition of 100 f,LI of this mixture to 200 f,LI of homog enate would result in 50 mM sodium phosphate, pH 6.7, 0.1 mM pyridoxal-5-phosphate, 1 mM KCI, and 0.6 mM dithiothreitoI. Furthermore, 300 f,LI of the incubation mix ture would contain 7.5 f,Lmol ofL-glutamic acid with 0.166 f,LCi of L-[1-14C]glutamic acid. After 60-min incubation at 37°C, the reaction was stopped by injecting 0.7 ml of 2 N sulfuric acid through the rubber stopper, and 14C02 re leased from the incubation mixture (at 37°C) was trapped during a 90-min postincubation period by the impregnated filter papers in the wells. After the end of postincubation, Values are means ± SO.
the wells were removed from the tubes, and the papers were transferred into vials containing scintillation liquid and counted in a Beckman LS-2800 liquid scintillation counter.
The protein content of the homogenates was deter mined by the method of Lowry et al. (1951) , using bovine serum albumin as the standard.
The statistical significance of the difference was eval uated by Student's t test.
RESULTS
Physiological variables (with the exception of plasma glucose values in the hyperglycemic group) were within the normal ranges and similar in the sham control, the hyperglycemic (Table 1) , and the normoglycemic (data not shown) groups.
GAD activities in SN, CP, and CCX were mea sured 19-22.5 h following 10 min of transient isch emia in hyperglycemic rats. This time was chosen because the animals would then be subjected to a long enough period of recovery and would still be killed before the onset of lethal postischemic sei zures. The data obtained are summarized in Fig. 1 . In accordance with the results of previous authors (e. g., Tappaz et aI., 1976) , we found the highest GAD activity in control animals in SN. In CP, the GAD activity was about three times less. This is in good agreement with previously reported values for striatal GAD in normal rats by Francis and Pulsinelli (1982) . As the data in Fig. 1 demonstrate, the GAD activity in experimental animals was sig nificantly decreased both in SN (-30.9%; p < 0.01) and in CP ( -22.6%; p < 0.05). In CCX, there was a tendency toward a decrease, but it was not statis tically significant.
No lesion of SN was reported following 10-min transient ischemia in normoglycemic rats (Smith et aI., 1988) . We have determined GAD activities in SN, CP, and CCX at 1, 4, and 7 days of recovery following 10 min of transient ischemia in normogly cemic animals. Under these conditions, GAD activ ities in all structures remained within ± 3-10% of the appropriate controls. There was no significant change of GAD activity at any interval of recovery studied in the normoglycemic rats (data not shown).
DISCUSSION
As stated in the introductory section, transient ischemia in hyperglycemic rats is accompanied by early and severe nerve cell damage, both in CP (where especially the small-and medium-sized neu rons, which are supposed to be GABA-ergic, are affected) and in SN. These hyperglycemic rats al most invariably develop seizures within 18-26 h of recirculation, and they usually die in status epilep ticus (Smith et aI., 1987 (Smith et aI., , 1988 . The mechanism un derlying the development of postischemic seizure activity is not known. We hypothesized that a de crease of GABA-ergic transmission in SN could be one of the factors involved. As also mentioned, SN has been identified as a site that plays a key role in regulation of seizure propagation. Enhancement of GAB A transmission in SN (as a consequence either of GABA transaminase inhibition or of the direct stimulation of GAB A receptors by muscimol) atten uates various types of seizures (Gale, 1986) . Protec-tion against seizures was correlated with increases of GABA particularly in the nerve terminals of the SN (Gale and Iadarola, 1980) . These GABA-ergic terminals originate from cell bodies in the caudate nucleus (Kim et aI., 1971; Fonnum et al., 1974; Bun ney and Aghajanian, 1976; DiChiara et aI., 1980) , which are supposed to be preferentially sensitive to ischemic insults (Pulsinelli et aI., 1982b; Smith et aI, 1984 Smith et aI, , 1988 . There were thus reasons to suspect that the GABA-synthesizing capacity of CP and SN was impaired. Our assumption also received support from the findings of other authors reporting prefer ential damage to GABA-ergic neurons in various brain structures (Bowen et aI., 1976; Sloper et aI., 1980) .
The findings of the present study, demonstrating decreases in GAD activity in CP and SN, support our assumption. A decrease of striatal GAD activity was previously reported by Francis and Pulsinelli (1982) , who studied transient forebrain ischemia in normoglycemic rats. However, such a decrease was found only after long periods of ischemia (30--40 min). In hyperglycemic rats, damage to CP is more dense and occurs much earlier than in normoglyce mic ones (Smith et aI., 1988) . As the present results demonstrate, a significant decrease of GAD activity in CP was found already after 10 min of hypergly cemic ischemia. The depression of GAD activity in SN was even more pronounced, in some animals by nearly 60%. In one animal of the hyperglycemic group, only a slight change was observed. This re sult is, however, not surprising, since we used both sides of the SN for the GAD determination and since we have previously found that damage to the SN is unilateral in some animals. With one normal and one damaged side, the mean value may be only moderately reduced. Nevertheless, the mean val ues, comprising values from all animals, demon strate a significant decrease.
The decrease of SN GAD may be a consequence of the damage of CP GABA-ergic neurons. Further more, the pannecrotic process developing in the SN, and the pronounced acidosis that arises as a result of the metabolic perturbation (Inamura et aI., 1987) , may accelerate the destruction of nerve ter minals and the fall in GAD activity. Whatever the mechanism, the decreased GAD activity suggests that the inhibitory tone in SN is reduced.
It has been documented that SN is not a site for initiation of seizures, but that seizure activity gen erated elsewhere in the brain could be amplified or sustained by activity in nigral efferents (Gale, 1986) . SN receives not only GABA-ergic afferents, but also projections containing substance P and exci tatory amino acids (Gale, 1986) . All of these sub-J Cereb Blood Flow Metab, Vol. 9, No.6, 1989 stances may influence the activity of nigral efferents and may thus play a role in seizure propagation. Previous morphological data in hyperglycemic isch emia (Inamura et aI., 1987) indicate that the type of dendritic pathology in SN pars reticulata is compat ible with cell damage caused by the release of ex citatory amino acids. The findings of the present study demonstrate a decreased GAD activity in the period preceding the onset of seizures. We thus ten tatively conclude that an imbalance between exci tation and inhibition in the SN, which may encom pass both augmented excitatory transmission [as suggested by morphological data (Inamura et aI., 1987) ] and reduced capacity for GABA synthesis (the present results), may increase the probability of general seizures in the postischemic period in hyperglycemic animals. It should be emphasized, though, that the site of the initiation of postischemic seizure activity remains so far unidentified. Since the major (or only?) difference between normo-and hyperglycemic animals is that the latter show an exaggerated tissue acidosis, it seems justified to ex plore if GABA-ergic neurons are particularly prone to succumb to ischemia combined with excessive acidosis.
